Abstract -The application of Long Term fire Retardants (LTRs) for forest fire prevention and/or suppression purposes can result in chemicals leaching, from soil to the drainage water, during the annual rain fall period. In leachates, large concentrations of nitrogen (N), one of the major components of LTRs, could affect the groundwater quality. N leaching due to the application of a nitrogen phosphate based LTR was studied in laboratory microcosms. The concentrations of nitrate (NO The vegetation seems to decrease to some extent the N leaching. The N leaching from treated pots with a burnt tree is lower compared with that from treated pots with a living tree, due to the partial N volatilization during the fire. Although this is a laboratory study, these results may be considered as rough indications of LTR environmental implications, due to the leaching of a significant part of the retardant's N into groundwater. 
INTRODUCTION
Long-Term fire Retardants (LTRs) consist of flame inhibiting chemicals dissolved in water that decrease the rate of spread and the intensity of a forest fire. Their effectiveness is a long-term even after water has been removed by evaporation. They are used as effective means of fire suppression, applied either directly on burning fuels to extinguish fire or in advance of the fire front to create control lines. In addition, they are ideal for fire prevention, applied over forests especially in climatic areas which are prone to wildland fires, e.g. the Mediterranean region [2] . As their main active ingredients are ammonium sulphate and/or phosphate salts, like agricultural fertilizers, LTRs were considered to be inert materials. Recently, they received more attention regarding their possible environmental implications, but there is little literature that addresses this subject. Little and Calfee [12] supported the idea * Corresponding author: athpappa@orfeas.chemeng.ntua.gr of the potential harmfulness of LTRs in aquatic ecosystems. The use of these chemicals in large wildfires, a discussion of their toxicity and manipulation together with direct and indirect environmental effects of fire suppression and the suppression impacts on special emphasis management areas have been referred to by Ingalsbee [9] . The effects of LTRs on shrub steppe vegetation in Northern Nevada were reported by Larson et al. [11] . The effects of LTRs on the vegetation and soil in eastern Australian heathlands were the subject of two research reports by Bell [3] and Gould et al. [7] respectively. Reviews of the environmental impact of LTRs have been reported by Adams and Simmons [1] , Kalabokidis [10] and Gimenez et al. [6] . It should be noted that there is still lack of studies in the Mediterranean region, which is an area prone to wildland fires [2] .
Although N is considered to be a soil nutrient, leaching of N compounds in large concentrations could threaten drainage water quality. Among N compounds, NH 3 , which comes from the dissociation of LTR ammonium salts, is a toxic compound. Free NH 3 is pH dependent and its concentration is significant only in high alkaline environments. The less toxic form of ionized ammonia, NH is not absorbed on to the surface of soil particles and usually are freely leached, except in variably charged soils of the humid tropics [16] . Large NO − 3 concentrations in drinking water when combined with sewage bacteria have been blamed for the disease called methaemoglobinaemia in babies. There is also concern that stomach cancer may be related to NO − 3 in drinking water. Possibly, there is a link between NO − 3 concentration and the formation of algal blooms on rivers, which downgrades water quality. It should be noted that the leaching of N compounds from forest soil treated with the retardant, in relation to vegetation and postfire conditions, has not been studied yet.
The purpose of this work is to study the leaching of the N constituent of Fire-Trol 931 (an LTR based on ammonium polyphosphates, broadly used in the Mediterranean countries) from a typical Mediterranean forest soil at the laboratory scale. More specifically, the leaching of NO 4 -N from pots with LTR treated and untreated forest soil and pine seedlings (Pinus halepensis) from Mount Penteli (close to Athens, Greece), was studied alone and in combination with fire. A simulated annual precipitation of 50 cm was applied over the pots, lasting 30-days. The leaching of total P, due to the phosphorus content of Fire Trol 931 from the treated with the retardant pots, alone and in combination with fire, has been studied in a previous work [14] .
MATERIALS AND METHODS

Materials
Fire-Trol 931 contains ammonium polyphosphate salts as active agents, sodium-ferrocyanide as a corrosion inhibitor, and an unspecified (trade secret) wetting agent (Biogema, Aix en Provence, France). It contains 8% N totally and is used diluted to 20% v/v. To meet the field application rate of 1.5 dm 3 m −2 [17] , 132 mL of diluted retardant containing 2.967 g of N was applied on the surface of each pot (660 cm 2 ) giving an application rate of 450 kg N/ha. This application rate is similar to the rates reported by Norris et al. [13] and Hoppmans and Bickford [8] , who used 560-1120 and 337 kg N/ha respectively. Forest soil and pine seedlings were obtained from Mount Penteli, a characteristic forest site suffering from forest fires. Mount Penteli is covered mainly by Pinus halepensis, the most widespread trees in the Mediterranean basin [15] . The forest soil was classified as loamy, based on analysis of its grain size [14] .
Methods
Pot technique
Plastic flowerpots were used instead of ceramic ones to prohibit inorganic species migration into the soil content of the pots during leaching experiments. The pots had an upper diameter of 45 cm and a height of 38 cm. They were filled with soil or pine seedlings replanted to them at the forest spot.
For the samples which contained only soil without seedlings, a pit of 50 cm depth was dug. The pots were filled with intact soil by horizons, reconstituting the soil profile, as nearly as possible. An average effective soil height of 28 cm was reached. These pots were coded as Soil samples (S samples).
For the samples with pine seedlings, small pine trees were removed from the forested site with as much undisturbed soil around the root as possible (an intact core occupying approx. 50% of the total pot volume), to avoid clipping the roots. The seedlings were replanted to pots, previously filled with intact soil from the bottom horizons. The filling around the intact core was completed with soil from the successive upper horizons reaching the above mentioned height of 28 cm. These pots were coded as Soil Tree samples (ST samples).
At the bottom of each pot there was a 5 cm deep-drainage layer consisting of approx. 3.0 kg of washed gravels. An average net weight of approx. 28 kg was reached after the completion of the pot filling. The free surface of each pot was covered with approx. 60 g of pine needles (oven dried for 6 days at 40
• C).
The pots were put under a shelter for protection against rain, freely exposed to the environmental temperature and humidity. The soils in the pots were stabilized by careful irrigation with deionized water using a perforated small canister, at a rate of 0.5 dm 3 every 12 h, for a week. The duration of each irrigation step was approx. 15 min.
Fire troll 931 was applied to selected pots, homogenously sprayed on the trees and needle surfaces, avoiding contact with the inner walls of the pots. Next the retardant was let to dry out for two days at ambient conditions. The treated pots without a tree were coded as Soil Retardant samples (SR samples) and the pots with a tree as Soil Tree Retardant samples (STR samples).
Pine trees in selected pots with and without retardant were set on fire. The upper plastic edge of these pots was covered with a hand made insulating material (glass wool bundled up in aluminum foil) for fire protection. Before burning, hot air (using hair dryers) at a temperature of 50-70
• C was directed all over the surface of the pots and the pine trees for 10 min. Burning was initiated and forced with the aid of small quantities of pure ethanol. During burning, temperatures were measured with thermocouples at the top of the soil surface and in the interior of the trees. These pots were coded as Soil Tree Retardant Fire samples (STRF samples) and the untreated ones as Soil Tree Fire samples (STF samples).
An annual rainfall precipitation of 50 cm (typical in Greece) was simulated in a 30-day time period. Taking into account the upper diameter of the pot, this corresponded to irrigation of 0.5 dm 3 every 12 h following the same procedure as in soil stabilization process. Ten leachates were obtained every 3 days during this time period for each sample.
Four-experimental cycles were carried out in the duration of 4-years starting in January 2003 and being repeated every January until January 2006. The age of the pine seedlings, which had similar size, varied from 2 to 4-years. The seedlings were removed from the same forest site following the same procedure. We have treated all samples of the same category as replicas, irrespective of the cycle which they had come from. The choice of carrying the experiments in four experimental cycles, instead of examining more samples in the same experimental cycle, was due to the difficulties in handling and analyzing a great number of samples in limited time. At the end of all four experimental cycles we had to examine four replicas for each of the
three categories of untreated pots (S, ST and STF) which have been characterized as control pots and seven replicas for each of the three categories of treated pots (SR, STR and STRF).
Analytical methods
The concentrations of N (as NH 
RESULTS AND DISCUSSION
Elution curves for the leaching of NH 
-N and NO
− 3 -N in case of treated pots presented remarkable differences among replication experiments, as indicated by the size of the standard error bars in the elution curves. This was something to be expected, taking into account that an attempt was made to approach a field situation, where there is high heterogeneity in the soil and plant conditions. The concentrations of NH + 4 -N in leachates from treated pots were found to be higher in comparison with their controls (Figs. 1a-1c ). More specifically, the concentrations of NH + 4 -N in leachates from treated pots without a pine tree (SR samples) were found to be the highest, although they were at low levels, that is at about 3-5 mg/L (Fig. 1a) . It should be noted, that the concentrations of NH Fig. 1c) were below 1.5 mg/L, at similar levels to those from STR pots (Fig. 1b) . The decreased leaching of NH a Values are mean, coefficient of variance and range, followed by number of replications.
The average concentrations of NO (Figs. 2a-2c ). This is in agreement with the results published in the literature [13] . The concentrations of NO The average cumulative leaching (in mg) of total inorganic N, after the simulated annual precipitation, from all the replication experiments is shown in Table I . In addition, the range of measurements and the coefficient of variance for the different sample categories are also depicted. In the case of STF and STRF samples were some extreme values that drastically affected the coefficient of variance due to the fire variability among replication experiments.
Non-parametric tests were applied to the comparison of the cumulative leaching of total inorganic N from different pots, because the assumptions of normality and equality of variances could not be satisfied. The results are summarized in Table II . From the statistical treatment it is depicted that the N leaching from the treated samples is significantly different among the sample categories and increased according to the following order: STRF, STR, SR.
The lower cumulative leaching of total inorganic N from pots with a living tree (STR samples), compared with that from treated pots without a tree (SR samples), could be attributed to the fact that a significant amount of N provided by the retardant was used for nutritional purposes and plant growth. However, the fertilizing impact of the retardant could be attributed also to the increased uptaking of P retardant content from the living tree, as it has been reported elsewhere [14] . This fertilizing effect (due to P and/or N constituent of the retardant) is clearly depicted in Figure 3 , where the Relative Grow Rates (RGR) of the treated and control trees are plotted versus their initial heights [5] . The treated samples, at least until the end of the second year after the retardant application, have greater RGR than the control ones. It should be noted that the data concerning the tree growth were derived at the end of each year after seedlings had been replanted. The pots with treated trees after having been subjected to fire (STRF samples), presented the lowest N leaching, because in fire conditions appreciable amounts of the retardant's N is volatilized as NH 3 . In our experiments, the reached temperatures of 250-300
• C in spite of their low intensity, were probably capable of volatilizing a substantial quantity of N.
The average cumulative total inorganic N leaching from the treated samples was found to be 30, 21 and 12% of the initially applied N for SR, STR and STRF respectively, using a retardant application rate of 450 kg N/ha. The above percentages are consistent with results reported in the literature. Specifically, Norris et al. [13] reported that the leached NO − 3 -N ranges from 5.9 to 25% when using a retardant application rate of 560-1120 kg N/ha on constructed soil columns. It should be pointed out that the average cumulative leaching of NH + 4 -N, from all the treated samples, was lower than 3% of the initially applied N. The leaching rates of total inorganic N from treated pots ranged from 56 up to 134 kg N/ha, over the entire 30-day leaching period. The leaching rates from the control pots for the same period were 10-12 kg N/ha.
It should be noted that the leaching rate of total inorganic N at the end of the simulated rainfall period following the retardant application was much more than that of the P measured in a previous work under the same conditions [14] . So the leaching rate of up to 25 kg P/ha resulted from the retardant application rate of 892 kg P/ha, representing a small percentage (2.4% ) of the initially applied P. The highest P leaching was presented from pots without a tree, therefore the presence of living trees has a positive effect on the leaching of both elements.
CONCLUSIONS
Fire-Trol 931 application resulted in the leaching of N, primarily as NO 4 -N), due to the retardant application, was found to be more than the growing vegetation could take up and the soil itself could retain. Conversion of large amounts of the applied N into nitrate resulted in mobile N, which leached out of pots. The vegetation seems to decrease to some extent the N leaching. The N leaching from treated pots with a burnt tree is lower compared with that from treated pots with a living tree, most likely due to the partial N volatilization during the fire. The retardant seems to have a positive action on tree growth, at least until the second year of its application. However, the amount of N leaching under the experimental conditions used was a significant percentage (up to 30%) of the initially applied N quantities in all the examined cases. Although this is a laboratory study and consequently, the extrapolation of results to field conditions must be made with caution, these results could indicate negative retardant environmental implications, by entering N into the aquatic environment. Nevertheless, the benefits of fire retardants in fighting wildland fires must be also considered.
